Résumé. 2014 Le diagramme de phase P-T du tétraméthylammonium-tétrachlorozincate deutéré a été obtenu par mesure du vecteur d'onde de la modulation k = (k, 0, 0) en fonction de la pression hydrostatique dans le domaine 0 à 1,8 kbar et and one with k 0.4. There the devil's staircase is incomplete, hysteresis appears at the lock-in transitions. At low P and T the devil's staircase is complete and behaviour irreversible.
In a phenomenological theory, commensurability is induced by setting the proper terms in the free energy expansion. Together with invariant powers of the principal order parameter, there are coupling terms involving a secondary order parameter. Direct coupling of the POP with polarization leads to a contribution of order 2 n for a commensurate phase of order 1/n. In order to reduce this order, coupling is examined through a secondary order parameter depending on the distortion of wave vector 3 k or 2 k. These two distortions coincide for k = 0.4. One coupling term is dominant when k &#x3E; 0.4, the other one when k 0.4. The SOP then changes its symmetry from 03A32to 03A33.
J. Physique 45 (1984) [929] [930] [931] [932] [933] [934] [935] [936] [937] [938] [1, 2] . In TMATC-Zn a continuous phase transition occurs at about 25 °C, characterized by a satellite peak with wave vector close to 0.42' a* (from. Pnma high temperature space group) [3, 4] .
Lock-in appears toward 10 °C and the ferroelectric phase with polarisation parallel to the b axis has a cell length of 5 ao* Ferroelectricity has been widely studied in structuraly isomorphous compounds such as TMATC-X, X = Co, Fe, Mn [5] [6] [7] . In these last two compounds, ferroelectricity is pressure-induced and as long as we are only concerned with ferroelectric properties, a single model would apply to all the dielectric diagrams [6] .
In TMATC-Zn the H-D isotopic substitution seems at first sight to profoundly alter the transition sequence [8] : under normal pressure no ferroelectric phase is observed and the variation of the modulation wave vector with temperature is sample dependent as suggested by figure 1 . After a plateau the wave vector locks in to the commensurate value 3/7 a*. By decreasing the temperature, the next phase is dependent on the specimen : k generally jumps to 1/3 but with some specimens there is in addition a k = 1/2 phase between the commensurate phases 3/7 and 1/3.
It has been suggested that the 2 ao cell could be due to a uniaxial stress [9] . So the effect of pressure was investigated and ferroelectricity found in dTMATCZn, the ferroelectric phase having a fivefold cell length as do the other compounds of the tetrachlorate family.
In this paper we report on the effects of temperature and hydrostatic pressure on the modulation in a dTMATC-Zn crystal. The same crystal was used as in our previous study in which the phase with k = 1/2 was present at atmospheric pressure.
In the first part we give experimental results. The experiments were made easier by the knowledge of the dielectric P, T diagram [10] . It allowed us to save a great deal of experimental time. Then we discuss a phenomenological theory applied to improper ferroelectric transitions. The discussion stems from two important published papers : the first one from Iizumi et al. [11] explains the existence of the threefold cell phase in K2Seo4 by coupling the primary order parameter to the macroscopic polarization. The latter from Mashiyama [12] Figure 6 gives the variation of the first order satellites intensity with pressure at various temperatures. It can be seen that the intensity varies linearly with P.
Since our previous experiment has indicated the intensity varies linearly with T, we can represent the satellite intensity with the following a and b being T-and P-independent i.e. the slopes of the various Ik(P) curves are temperature-independent as shown in figure 6.
Discussion.
The discussion will conform to the following plan :
First we introduce the pressure parameter in the simplest phenomenological theory, taking into account the orthorhombic symmetry of the paraelectric phase, which is adapted to the rest of the discussion.
Secondly we give a summary of the paper of Mashiyama [12] applied to the transition sequence of hTMATC-Zn and occasionally to some isothermal or isobaric curves of the dTMATC-Zn diagram.
Thirdly we introduce commensurabilities in the free energy density expansion of the crystal and restrict the discussion to the case of two order para- The ratio cx/# is the slope of the I-II (disorderedincommensurate) transition line in the T-P phase diagram. In the TMATC-Zn case the line involved is a straight line so that a and P are constant parameters.
In the following we shall introduce reduced parameters !'= -a(T -To) and P = -fl(Po--P)
so that the transition line is the bisector of the T -P plane and a= -(t+P), To = 43 °C and PO= 2.6 kbar for dTMATC-Zn.
The pressure couples to the strain; for a hydrostatic pressure, only the coefficients Cij i, j = 1, 2, 3 of the elastic stiffness tensor is concerned; the strain energy density has the form Cij xi xj while the coupling between OP and the strain is Fr Y ai xi q2. These two terms are added to the free energy (1) . The equi- Only C2,(Y), 5)21 C2h(x) and e2h(Z) species are examined which correspond to low symmetry phases existing in the dTMATC-Zn sequence. The first one is ferroelectric, the last two are ferroelastic.
In the free energy model of Mashiyama, the POP has £ symmetry, the SOP belongs to Y 2.
The free 4 2 energy density consists of invariant terms of the Close to To, q 2 oc T and k oc q2. The #2 coefficient in f32(Q Rt + CC) depends implicitly on T and P.
Transition sequences are ao-incomm-5 ao-3 ao or ao-incomm-3 ao allowing to the original value ko.
These sequences and k variations are those in the middle pressure range isotherms. C : To follow the line adopted we propose a free energy for the 7 ao phase. The free energy does not contain any invariant power of the POP corresponding to that lock in; invariant terms appear through a coupling to the SOP R and P, but now P is no longer a polarization. Symmetries are Qk C Y-4 , R, c-y3 and 4 3 Pk E L . These peaks may be diffraction harmonics or fundamental diffraction by a harmonic of the distortion. This last point of view has been adopted in our previous study [8] , though we cannot leave out the possibility of multiple reflections. Although multiple reflections are highly improbable at 5 meV, third and fifth order satellites have been observed in one part of the diagram, second order satellites in another part. The SOP Rk, would then be associated in one region with a distortion at 3 k -1 and in another region with a distortion at 2 k -1. These distortions match in a single one exactly when k = 2/5. Below k = 2/5 the coupling Q' R concerns the commensurate value 1/3 while above Q2 R is related to the rational value 1/2.
With this point of view, the symmetry change is a phase transition as it modifies the extinction rules of a superspace group.
The reduced phase diagram proposed by Gesi [16] allowed to extrapolate the devil's hill presented in figure 7 beyond the experimental scanned region. This diagram may be completed by an islet 7 ao. This phase appears in the dTMATC-Zn Crystal and in TMATCFe as well [17] .
The 2 ao phase is subject to some controversy. Authors have suggested that this phase appears under uniaxial X6 stress. We ought to say that in our first neutron study, when we saw this 2 ao phase for the first time, the crystal was wrapped in an aluminium foil and not directly glued to the goniometer head as in the present study. In the former case, the 2 ao phase was about 5 K wide and called intrinsic. In the latter study, being cemented to the sample holder the crystal is subjected to external hydrostatic pressure and also to a uniaxial stress due to different thermal expansions of crystal and holder. At 0 bar this 2 ao phase is reduced to a domain of 1 K width, but this may be due only to hysteresis.
Bounded to an X6 shear stress, equilibrium in the 2 ao phase is written, with respect to x6 deformation X6 = ðFjox6 = C 6 x6 -2fl' 2 q2 and the contribution to the free energy is x6/2 c6 -2 fl' 2 q 4/ C6' So F is enhanced by the quantity X6/2 c6 which appears only in the ferroelastic C2h(Z) variety.
In conclusion we will make two remarks. So far we have completely neglected impurities or stacking faults in the crystal. They are subjected to the modulation potential and competition between their pair interaction and interaction with the lattice potential may produce hysteresis or discommensurations. From the devil's staircase point of view, the approach of S. Aubry [18] or F. Axel [19] is advantageous, but these studies treat one-dimensional models.
Appendix.
A : We consider the area in the T-P diagram where T &#x3E; 20°C and P &#x3E; 0.7 kbar. The free energy density is written F = F, + F2 + F3. F, and F2 are given by (1) and (2) The POP Qk belongs to Y-4 , SOP Rk to ¿ and polarization Pk to Y'4 .
The sum ¿ runs over the star of k vectors and coefficients an take into account the k interchange when satisfying translational invariance. The strain components x4 and x6 belong respectively to F7 and r3 and S to r2, the r being the IR ofÐ2h point group at the zone centre.
The transition sequence is para -incom- [14] . In this Mn salt, P 121/b 1 symmetry is attributed to that phase while in our Zn salt it appears to be of C2h(Z) symmetry. This fact is related to the splitting observed in another crystal of the (0, 2, 0) Bragg peak along the direction of the modulation. The existence of such domains in the paraelectric phase seems to be a relic of the twofold cell phase. Setting Q113 = q exp(iq/) and minimizing with regard to VII X4 and S we get the two known solutions [12] :
cos 3 § = -1 S = 0 x4 = 2 fl4 q3IC4 and sin 30=-l x4 = 0 S = 2 fl6 q3Id, leading respectively to phases IV and VI of P 21/. 11 and P 212121 symmetries. The equilibrium condition for x6 is X6 = -#2 q2/c6 and the free energy density is F is lowered by k degeneracy at the X point and the coupling to strain, whereas additional terms increase F. the 2 ao phase is never stabilized against the 3 ao phase so the transition sequences are para-incom-5 ao-3 ao or para-incom-3 ao. C : We attempt here to write a free energy for the 7 ao phase. Actually we do not know the space group symmetry of this phase but all we need is the point group. If this ph4se is a ferroelastic one then F2 includes the corresponding elastic energy and F3 contains invariant coupling terms like Xi Qj/7. Minimization leads to xi oc q' and the contribution to the free energy is proportional to q14. This term is likely to be small and will be neglected. Invariant terms like (Q n + Qlï7), n even, will be discarded for the same reason.
One way to take into account this commensurability is to replace the polarization Pk" k" = 5 k -2 by the SOP Pk" k" = 7 k -3. The coupling terms in F3 constructed with Q, R and P are : the rest of F being unchanged
In the incommensurate phase, there are slight changes with respect to B. L1 = a' a2 -pf qio.
In the 7 ao commensurate phase, k" goes to zero as does Pk" Setting Qk = q exp(i), Rk, = r exp(i B) the equilibrium condition reads
The phase 2 ao is discussed as in B and the 3 ao phase is obtained by setting #2(T, P) = 0. The origin of the lock-in energy is not trivial : compare expression IV for F in B with an(k) and F here above with an(k = 3/7). Figure 8c shows the result of a calculation with c4 = 0.215 and c4 = 0.17. For the last c4 value F(I /2) is always larger than F(113).
